High-pressure behaviors of wurtzite CdS and CdS:Eu 3+ nanoparticles (8-10 nm) were investigated by synchrotron radiation X-ray diffraction, Raman spectroscopy, and photoluminescence under high pressure at ambient temperature. The doping of Eu ions increases the phase transition pressure from wurtzite structure to rocksalt structure (CdS 
Introduction
Doping and high pressure provide unique insight into the electronic structure, localized states and crystal structure of nanomaterials. Thus, they have been widely used in nanomaterials science as effective technological process. Cadmium sulde (CdS) is one of the most attractive wide bandgap semiconductors because of its superior optical properties, which have been widely applied in photocatalysis, 1-3 solar cells, 4, 5 biological sensors, 6,7 lasers, 8, 9 photodetectors, 10,11 and so on. The dopants can strongly inuence optical behaviours of nanomaterials, and doped nanomaterials are thus regarded as a new class of luminescent materials. 12 To date, many efforts have been made to improve the optical properties of CdS through different synthesis methods and doping agents (transition-metal or lanthanide ions). 13, 14 Many interesting phenomena have been observed in doping samples, such as the shiing and broadening of spectra, high luminescent quantum efficiency, shorting of emission lifetime, upconversion emission, etc.
Recently [15] [16] [17] [18] [19] [20] Compared to the transition-metal ions, lanthanide ions are advantageous dopants because of their sharper emission signals with a unique spectroscopic signature for unambiguous spectral identication. Therein, the Eu 3+ doping was demonstrated to be an effective way to enhance the performance of QDs in the photocatalysis and biomedical applications (immunoassay, detection of metal ions and imaging applications) as the edge over QDs, long uorescence lifetime, sharp emission peaks with narrow band width, and lack of blinking and biocompatibility. [21] [22] [23] Because of the nondegenerate emissive state ( 5 D 0 ), the Eu 3+ ion acts as an excellent luminescent structural probe for the determination of the number of metal ion sites in a compound, their symmetry, and their respective population. 24, 25 For example, the uorescence intensity of Eu 3+ doped CdS NPs reduced obviously in the presence of the Hg 2+ ions, which makes it as a uorescence probe for the Hg 2+ detection. 26 However, the luminescent properties of europium are inuenced by a number of factors such as the site symmetry, quantum dots, surfactants, morphology and crystal defect, phenomena like antenna effect and physical parameters like temperature. 27 It is still debated whether or not lanthanide ions are really incorporated into the host lattice (ZnS or CdS) sites as the luminescence from lanthanide dopants in QDs also depends on their location in the host lattice. ions in gadolinium gallium garnetcrystals is sensitive to hydrostatic pressure application. 31 This demonstration provides not only an efficient way to articially tune the emission properties of phosphors by means of hydrostatic pressure, but also alternative candidates as potential pressure gauges for high pressure techniques. Obviously, the luminescence behaviours of nanomaterials could be greatly affected by many factors, such as doping, size, and high pressure. Therefore, it is of great interest to explore the structural stability and luminescence properties of nanosized CdS:Eu under high pressure.
In this paper, we have carried out an investigation of phase transition (P T ) and optical properties of pure CdS and CdS:Eu NPs by synchrotron XRD pattern, photoluminescence, Raman scattering spectrum under high pressure.
Experimental
The pure CdS and CdS doped with 0.08 at% of Eu 3+ was grown using the gas-liquid phase reaction. 28 There were two reactive steps in the experiment process: rstly, HCl reacted with Na 2 S to form H 2 S gas according to the ratio of 1 : 1; subsequently, H 2 S gas and the mixed reactive solution (Cd(COOCH 3 ) 2 , Eu(COOCH 3 ) 3 , the surface-active agent polyvinylpyrrolidone (PVP), and deionized water) reacted on the hemispherical crown's polished surface in the chamber. The structure and morphology of the pure CdS and CdS:Eu NPs were characterized by XRD, SAED, and HRTEM.
In situ angle-dispersive synchrotron XRD measurements under high pressure was generated by a diamond anvil cell (DAC) with 16 : 3 : 1 methanol-ethanol-water mixture as the pressure medium. Pressure was calibrated by the energy shi of the R1 luminescence line of a ruby crystal. The high-pressure ADXRD experiments of CdS and CdS:Eu NPs were carried out at the beamline B1 of Cornell High Energy Synchrotron Source (CHESS) in Cornell University and the beamline X17C of National Synchrotron Light Source (NSLS) in Brookhaven National Laboratory. A diamond anvil cell was used to generate high pressure. A hole with a diameter of 150 mm was drilled in a T301 stainless steel gasket and used as the sample chamber. The pressure was determined from the frequency shi of ruby R1 uorescence line. The FIT2D soware was used to transfer the XRD images into intensity versus diffraction angle (2q) pattern.
The photoluminescence (PL) and Raman measurements were performed in a gasketed diamond-anvil cell (DAC) at room temperature under hydrostatic pressure. Some powder samples, together with a piece of ruby chip, were placed in a stainless steel gasket with a hole 150 mm in diameter. A small ruby chip is used for in situ pressure calibration, utilizing the R1 ruby uo-rescence method. Silicone oil was used as a pressure transmitting medium. For the measurement of the Raman and PL emission spectra, a Renishaw in Via Raman system with a laser was used as an excitation source. The wavelengths were collected with 488 nm and 532 nm, respectively.
Results and discussion
The morphology, phase structure, and crystal size of the samples are observed and measured by means of X-ray diffraction (XRD), transmission electron microscope (TEM), highresolution transmission electron microscopy (HRTEM), selected-area electron diffraction (SAED), Raman, energy dispersive X-ray spectroscopy (EDS) and chemical elements mapping. XRD characterizations (Fig. 1a ) of pure CdS and CdS:Eu NPs are carried out to identify the phase structure. It can be seen from the XRD pattern that all of the diffraction peaks are indexed to the standard wurtzite (WZ) structured CdS (JCPDS no. 75-1545, space group: P 63mc (no. 186)). It is obvious that all peak positions of the CdS:Eu NPs slightly shi to higher angles compared to those of the pure CdS. 
The structural information of pure CdS and CdS:Eu NPs were further investigated by Raman spectra at ambient conditions, which are shown in Fig. 1b . These Raman spectra are dominated by the progression in the longitudinal optical (LO) phonon mode. Each spectrum has two peaks. The rst stronger peak is the A 1 longitudinal optical (1LO) mode. The weaker other is the overtone of the LO mode (2LO The TEM image of CdS:Eu NPs characterizes the morphologies of the samples in the insets of Fig. 3a . The energydispersive X-ray spectrum (EDS, Fig. 3a) conrms the presence of S, Cd, and Eu elements in CdS:Eu NPs, and the relative atom ratios are 48.83%, 51.08%, and 0.08%, respectively. The chemical element mapping analysis (Fig. 3b-d) shows that the elements including sulfur, cadmium and europium are homogenously distributed throughout the whole sample, which suggests a high purity of the nal products.
Synchrotron XRD patterns of CdS and CdS:Eu NPs samples collected at different pressures during compression and decompression are shown in Fig. 4 . It can be observed that low pressure of the two samples stabilize the wurtzite structure.
With increased pressure, all diffraction peaks shi to lower d values and the peak widths broaden gradually. Fig. 4a suggests that the phase transition starts at 4.97 GPa with two new diffraction peaks (*) which are not belonging to wurtzite structure appearance. The new phase completely appears at 5.90 GPa. The diffraction peaks of new high-pressure phase can be indexed to the cubic rock salt (RS) phase (JCPDS no. 21-829). All Fig. 4b . The new peak of CdS:Eu NPs at 5.22 GPa is marked with *. The enlarged view is displayed in the inset of Fig. 4b . The original phase of CdS:Eu NPs is not present aer 14.27 GPa. The pressure range of phase coexistence of WZ and RS is from 5.22 GPa to 14.27 GPa due to the Eu doping of the sample. It is clearly that P T of CdS:Eu NPs is slightly higher than P T of CdS NPs.
It can be detected that part of the peaks of WZ-CdS NPs and WZ-CdS:Eu NPs reappear when the pressure drops to 0 GPa as seen in Fig. 4a and b . It indicates that the phase transition process is partly reversible.
The bulk modulus reects the hardness of a material and is important in many different industries. The volume dependence on pressure is shown in Fig. 5a and b. It can be observed that the volume collapse of the two samples was 13.3% and 17.4%, respectively, which is not sensitive to the Eu doping in CdS NPs. Bulk modulus for both phases are determined using third-order Murnaghan's equation of state.
where B 0 is the bulk modulus. B 0 0 is the pressure derivative and V 0 is the unit cell volume determined by the corresponding XRD pattern at ambient pressure. In order to facilitate the comparison of the B 0 values, the standard procedure of setting B 0 0 ¼ 4 was followed and it is in agreement with other references. The available experimental data is listed in Table 1 for comparison. The bulk modulus of WZ CdS NPs is lower than the WZ CdS:Eu NPs. In other words, the doped ions reduced the compressibility compared to pure CdS NPs. This may be the result of the micro dopant. When the doped concentration is very low, the doped Eu 3+ ions tend to ll vacancies or recombination centers, which increase the stability of CdS NPs. Similar results have been reported. 34, 35 Meanwhile, the bulk modulus of RS CdS NPs is lower than the RS CdS:Eu NPs.
High pressure Raman spectroscopy studies of CdS and CdS:Eu NPs were also carried out. From Fig. 6a and b , one can easily determine that the Raman peaks shi to higher wavenumbers linearly and the Raman peak intensities diminish rapidly with increasing pressure. Obviously, the pressure induced a decrease in bond length. The Raman shis of CdS and CdS:Eu NPs as a function of pressure are shown in Fig. 7 . Raman 1LO mode of CdS and CdS:Eu NPs disappeared at 6.38 and 8 GPa, respectively. The disappearance of the 1LO mode is also attributed to the wurtzite to rocksalt phase transition as Raman scattering of the rocksalt phase is inactive. 33 However, this two pressures are not the beginning of phase transition of two samples. Fig. 7a illustrates that the Raman peaks of 1LO and 2LO phonon mode have blueshis linearly before 4.76 GPa for CdS NPs. The inset of Fig. 7a provides a more evident identication. The nonlinear change of the Raman shis indicates the occurrence of the structural phase transition from a wurtzite to a rocksalt phase. 36 Thus, P T of CdS NPs should be 4.76 GPa, which amends accurately the previous XRD patterns under high pressure. Similarly, P T of CdS:Eu NPs is determined to 5.22 GPa combining the XRD data in Fig. 4b and Raman data in Fig. 7b . The A 1 (LO) phonon mode corresponds to atomic oscillations along the c-axis. The peak value of this mode is sensitive to lattice strain along the c-axis. 37 The slopes (du i /dp) of 1LO wavenumber shi of CdS and CdS:Eu NPs before P T are 4.54 cm À1 GPa À1 and 4.48 cm À1 GPa À1 , respectively, suggesting that the phonon frequency blueshi of 1LO phonon mode of CdS NPs is faster than CdS:Eu NPs. In other words, the pressure has more inuences on the lattice tensile strain along the c-axis for CdS NPs.
The phonon frequency shi due to the lattice contraction is given by,
where Du is the 1LO phonon energy shi from its bulk value u 0 (305 cm À1 ) and g is the Grüneisen parameter (1.1 for CdS).
Dc/c is the lattice contraction of c-axis since CdS LO phonons are of vibrations along the c-axis. [37] [38] [39] The relationship between lattice contraction and the pressure is shown in Fig. 8 . It is clearly that the pressure effects the lattice contractions of CdS NPs more strongly than CdS:Eu NPs, which is in agreement with the results of phase transition. The phase transition can be attributed to an obvious structural transition due to the breakdown of the crystal symmetry. The greater impact on tensile strain along c-axis of CdS NPs result in the early phase transition compared to CdS:Eu NPs.
The photoluminescence (PL) spectra of CdS and CdS:Eu NPs obtained using an excitation wavelength of 532 nm are presented in Fig. 9 at ambient. Three optical vibrational Raman active modes are observed at approximately 540.69 nm, 549.64 nm and 558.85 nm in Fig. 9a , which are assigned to fundamental optical phonon mode (LO), the rst over tone mode (2LO), and the second overtone (3LO) of CdS, respectively. The similar condition that the Raman peaks are detected in PL spectra was reported by Cheng.
40 These Raman peaks of CdS are in agreement with the previous reported values. [41] [42] [43] At lower Table 1 The experimental results of lattice constants (a), bulk modulus (B 0 ) and unit cell volumes (V 0 ) of CdS and CdS:Eu NPs at ambient temperature Fig . 10 shows the PL spectra dependence of the pressure for CdS NPs. The peak of 3LO at 558.93 nm is neglected due to its so weak under high pressure. The other two peaks positions are slightly redshi with increasing pressure, meanwhile, the intensities of the two peaks rapidly decrease. A redshi is observed due to the pressure induced redshi of bandgap energy. Above the pressure of 6.50 GPa, the peaks of 1LO and 2LO disappeared just like the Raman data, which indicating that CdS NPs undergo a phase transition from a direct bandgap WZ structure to an indirect bandgap RS structure, which will cause the quenching of emission. 45, 46 The peak positions of 1LO and 2LO as a function of pressure are shown in the inset of Fig. 10 . It is obviously that the peak positions are linear redshi with increasing pressure up to 4.00 GPa. The nonlinear changes of the peak positions indicate that the phase transition have started at 4.88 GPa. The peak of 1LO can be detected up to 10.46 GPa, which is consistent with XRD and Raman results.
It is well known that CdS nanomaterials play important roles in biological applications such as cellular labelling, selective ion probes, and deep-tissue imaging. Thus, it is expected to be potential biological materials under high pressure. So, it is necessary to probe slight changes of the local micro-structure of a variety of CdS crystal structure under high pressure. The monitoring of the doped Eu 3+ ions luminescence can be used as an effective probe to reveal slight changes in structure and the local crystalline environment of CdS NPs under high pressure. The evolution of the luminescence spectra of CdS:Eu NPs at room temperature are shown in Fig. 11 . It is differ from the luminescence spectra of CdS NPs that the peaks of diamond and Si oil are not eliminated. The peak of 5 
Conclusions
The high-pressure behaviors of hexagonal wurtzite CdS and CdS:Eu NPs (8-10 nm) were investigated using angle-dispersive synchrotron radiation X-ray diffraction, Raman, and photoluminescence measurements. According to the results of Synchrotron XRD and high pressure Raman spectroscopy, the phase transition of CdS NPs starts at 4.76 GPa and ends at 13.60 GPa. The phase transition of CdS:Eu NPs starts at 5.22 GPa and ends at 14.27 GPa. P T of CdS:Eu NPs is slightly higher than CdS NPs. It can be attributed to the greater impact on tensile strain along c-axis of CdS NPs, which identied by the relationship between lattice contraction and the pressure obtained from Raman 1LO. 
